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SUPERSONICFREE-FLIGHTMEASUREMENTOFHEATTWNSFER

ANDTRANSITIONONA 10°CONEHAVINGA

I(3WTEMPERATURERATIO

By CharlesF.MerletsndCharlesB.Rumsey

Heat-trmsfercoefficientsintheformofStezrtonnumberml
boundary-layertrmsitiondatawereobtain~frm a free-flighttest
ofa 100-inch-long10°total-sngleconewitha l/16-inchtipradius
whichpenetrateddeeptntotheregionofWinite stabiliwof laminar
boundsrylayerovera rangeofwall-to-local-streamtemperatureratios
sndforlocalMachnumbersfrcm1.8to3.5. Experimentalheat-transfer
coefficients,obtainedatReynoldsnumbersup to 160X106, wereh
generalsomewhathigherthantheoreticalvalues.A maximumReynolds
numberoftransitionofonly,33X 106wasobtained.Contrsxytotheo-
reticalmd someotherexperimentalinvestigations,thetransition
ReynoldsnumberinitiallyincreasedwhilethewalltemperatureratiQ
incre=~ atrelativelyconstsmtMachnumber.Furtherincreasesin
walltemperatureratiowereaccompsnidby a decreaseintransition
Reynoldsnumber.IncreasingtrsmitionReynoldsnmberwithincreasing
Machnumberwasalsoipdicat~ata relativelyconstantwalltemperature
ratio.

-INTRODUCTION

ThePilotlessAircraftResesrchDivisionoftheLangleyAeronautical
Laboratouiscurrentlyconductinga programtomeasuretheaerd.ynamic
heatingandReyuoldsnumberforboundary-layertransitiononbcdiesin
freeflightathighMachnunibers.Dataofthistypearereportdin
reference1 fora lo”total-singlecone,40 inchesinlength,overa Mach
numberrangefrcnn1.15to3.7. Thepresenttestwasabo conductedwith
a 10°total-anglecone,andwasplann~to extendtheresultsofrefer-
ence1 by obtainingtestconditionsdeeperwithintheregionoftwo-
dimensionalinfiniteltisr-boundary-layerstabilitydefin~by refer-
ence2. Ikorder.toobtainlowwal.1-to-stresmtauperatureratios,the
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mdel s= wasmadeofthickcopper,selectdbecauseof itshighheat
capacityandthermaldiffusivity.In ordertomeasurelergetransition
Reynoldsnumbersintheeventtheyshouldoccur,thenoseconewastie
100incheslong,providingtestReynoldsnumbersup to 160X 106.

Althoughtestconditionswereobtainedwellintotheregionof
two~ensionalstabili~,turbulentheatingatallmeasurementstations
duringtheearlypartofthetestresultedinhigherthananticipated
wall-to-streamtanperatureratiosandthetestconditionswereonly
sU.ghtlydeeperwithinthestabili”~regionthanthoseofreference1.

ThemeasurementsoftransitionReynoldsnumberandlocal.heat-
trmsfercoefficientarepresentedfora Machnumberrangeof 1.8to3.5
andfora rangeofReynoldsnumbersfrcnn5 X 106to 16kX 106basedon
noselengthto a measuraentstation.Thefllghttestwasperformedat
theLangleyPilotlessAircraftResearchStationatWallopsIsland,Va.
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SYMBOIS

area,sqft

localskin-frictioncoefficient

specificheatofairatconstantpressure,Btu/lb-OF

specificheatofwall.material,Btu/lh-%

accelerationdueto gravi~,32.2ft/sec2

localaerodynamicheat-transfercoefficient,Btu/sec-ft2-%

thermalconductivityofair,

thermalconductive@ofwall

Machnumber

Prandtlnumber,g’=plJp

Stantonnumber, h
gPv~vvv

Btu-ft/sec-Ol?-ft2

matdrial,Btu-ft/sec-OF-ft2
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Q quantityofheat,Btu

R Reynoldsnmiber,Pvx/P

T absolutetemperature,%

t time,sec

v veloci~,ft/sec

x sxialdistance,fi

P absoluteviscosityofair,slugs/ft-sec

P densi~ofair,

Pv densi~ofwall

a Stefan-Boltzman

T skin. thiclmess,

Subscripts:

aw adiabaticwall

s stagnation

slugs/cuft

material,“Ib/cuft

constant,“O.4806X 10-E,Btu/ft2-sec-(%)4

ft

tr attransitionpoint

v localconditionjustoutsideboundsxylayer.

w atwall

w freestresm

MODEL,INS~TIDNx AND‘IES’E3

Model

Themdel wasa 100-inchlongconehavinga totalangleof 10°,
mountedonsmMS Jatorocketmotorasshowninfigures1 arid2. The
completeconfigurationwasstabilizedby fourfins.Exceptforthe
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tip,theconewasconstructedfrcmtwoconicsectionsjoinedby a circum-
ferentialweldatstation58.5(thatis,58.5inchesfromthenosetip).
Thesesectionswereformalfrm twocoppersheetsofwhichthethichesses
were0.077and0.080~ 0.002inch.Thethinnersheetformedtheskin
aheadofstation58.5. Theweldwasdonewitha copperrd ofthessme
ccmrpositionasthesheet.Themmleltip,madeofsteel,wasweldedto
thefirstconicsectionatstation6. Thesharppointwasbluntedwith
a smallredius(approximately1/16inch)topreventexcessiveheating.
Afterconstructionwasccmplet~,theexteriorsurfaceoftheconewas
polished. Randcmsemplemeasurementsofthesurfaceroughnessasdeter-
minedby a~~icists ReseerchCcmpanyProfilometervariedfrom10to
16microinchesms. However,subsequenttotheflighttest,sample
roughnessmeasurauatsmadewiththeProfilcmeterwerecheckedoptically
witha fringe-_@peinterferencemicroscope.Theaverageroughnessmeas-
urd opti.cal.lywasabout8 to 10-kbnestheroot-mean-squarevalueread
ontheProfilmneterfora coppersample.Also,discretescratcheswere
observedopticallywhichapparentlydidnotinfluencetheprofilometer
measurements.It appearsthattheaveragesurfaceroughnessofthemcdel
skinmqyke beenoftheorderof 100to 150microinches.

Mtrumentation

ThemcdelwasequippdwithU thermocoupleslocatedinEne exially
alongtheconefranstation12to 88asindicatedinfigure1. The
thermocouples,madefromno.30 chranel-alumelwire,wereinstalledby
drillingseparateholesforeachwireapproxhately1/4inchapartand
solderingthewiresh placewithhigh-temperaturesilversoldex.The
externalsurfacewasthenpo~shed.

‘The12thermocoupleoutputswerecamrutatedsmdtransmittedontwo
telaneterchannek.Eachchanneltransmittedsixthermocoupleoutputs
andthreestandsxdvoltagesata rateof 14timespersecod and7 tties
persecond?respectively.Thestandardvoltageschosenwereequivalent
to thelowest,middle,andhighesttaperaturesexpectedandservedas
snin-fkightcalibrationofthetelaaeterthroughouttheflight.

Test

Themcdelwaslaunchedatan elevationangleof70°(fig.2)and
propelldto amsximonflightMachnuaiberof3.6by a singleM5 Jato
boosterrocketmotor.Datawereobtaineddurtigtheacceleratingportion
oftheflightandthedeceleratingportionsubsequenttorocket-motor
burnout. FlightvelocitywasdeteminedfromC!WDopplerradar.Altitude
andflight-pathdatawereobtatidfranmeasurementsmedeby anNACA
modifiedSCR-584trackingrsdar.Ambientairconditionsaswellaswinds
aloftweremeasuredwitha radiosondeusedinconjunctionwithan
AN/@lD-lArawinset. .

,
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Figure3 showsthetimehistoriesoff~ghtMachnuuiber,altitude,
andfree-stresmReynoldsnumberperfoot.

DATARXDUCTION

Thetimerateofchangeofheat-withintheskinata givenlocation
ontheconicalnosecanbewrittenasfollows:

Thethreetermsontheright-hsndsideofequation(1)accountforthe
aeralymmicheattransfertotheskin,theradiationofheatfranthe
skinexternally,andtherateofheatconductionalongtheskin,respec-
tively.Thisequationneglectstheheatabsorbalby theskinfromsolar
radiationandheatradiatedinwardfromtheskin,whicharecangensating
andesixbnatedtobenegligible.

Ihthedatapresentdherein,theeffectsofconductionalongthe
skinhavebeenneglectedsincecalculationsindicatedthatthelsrgest
conductioneffectswerelessthsn2 percentoftheaerodynamicheat
tramsfer. Radiationeffectshavenotbeenincludedbecausethevalue
ofmissivi~forcoppervariesgreatlywithsurfaceconditions,andthe
effectsonthesurfaceconditionofflighttestconditionsoftemperature
andveloci~areunhmwn. Radiationeffectswerechecked,however,using
an @mLssiti@of0.70,whichisforheavilyoxidedcopper,andthehighest
valuereport&l..Thersdiationeffectsthuscalculatedingeneralsmountd
to 10percentor lessoftheaerodynamicheatingfrom10secondson. At
earliertimes,radiationingeneralwaslessthan5 percentoftheaero-
dynamicheating.b no case,however,couldtheradiationeffectsalter
theheat-transferdatasufficientlyto influencethedeterminationofthe
locationofboundsry-layertransition.

TheadiabaticwalltanperatureTaw wascalculatedfrm localstresm
conditionsoutsidetheboundarylayerasdetemin@ fromreference3,

1/2 1/3usinga recoveryfactorof N& and Npr basedon localtemper-
atureforlaminarandturbulentboundarylsyer,respectively.Stanton
numberwasthencomputalasfollows:

. . . . - ———- ..——.-— _. .. . __—.—
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RESULTSANDDISCUSSION

SkinTemperatures

Themeasurdskintemperaturesforeachstationarepresexitedin
tableI foreachtimeforwhichdatahavebeenreducd. Thetablealso
presentsthecorrespondinglocalMachnmiberandReynoldsnmiberperfoot,

1 ‘Q thetimerateofchangeofheatsmdthecorrespotitngvaluesof ~ fi~

within a squarefootofskin.

Thetemperature-timecurvesofthefirstfivestationsareplotted
infigure4, alongwithlocalMachnmnberjustoutsidetheboundary
~er, asa functionoftime. Thecurvesfortheraminingstationsare
notplottedinasmuchastheywouldvaryonlyslJ.ghtly(seevaluesfor
tanperaturesgivenintableI)franthoseshownforstations27 and35.

Theabruptdecreaseinslopeofthetemperature-timecurvesfor
stations17and22attime3.5and4.0seconds,respectively,andthe
earlier,more~adualreductioninslopeforstation12indicatetran-
sitionfrmnturbulentto lsminsrortransitionalflow.However,the
chqracteroftheboundary@er andthelocationoftransitioncanbe
determin~morereadilyfrcmtheheat-transfercoefficients,andwill.be
discussedlater.

Heat-TransferCoefficient

Theheat-tramfercoefficientsintheformofStantonnumbersare
presentedinfigure5 asa functionofaxialdistancealongthebcdy.
Thewalltarperatureratiosarealsoshown,aswellasthetheoretical
valuesof NSt. ThetheoreticalStantonnumbersforconicallsminarflow
wereobtaindbymultiplyingtheflat-platevaluesofreference4 by E.
Thetheoreticalturbulentvaluesof N~t wereobt*@ fr~ cf values
by theconversionofreference5 (t~t is; NSt= 0.6cf).me values
of Cf wereobtslndfranchartsofVanDriestsflat-platetheorypre-
sentedinreference6 andconvertedto conicalflowby themethciiof
reference7.

ingeneral,theexperimentalturbulentvaluesareinfairagreement
withtheory.l?ram3.0secondson,theexperimentalvaluestd tobe
samewhathigherthanthetheoreticalpredictionsforbothlsminsrand
turbulentvalues.Thedataat7.0ad 10.O seconds,whichexhibitedthe
mostscatter,occurrednearthepeakofthetqera~e-t~ cues (see
fig.4) W thereforehavelowforcingfunctiom(Taw- Tw)andareleast
accurate.Theremaidngdata,however,areunaccountablyhigherthan
theory.

.. —
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Thedisagreaentbetweentheoryendexperimentisnotenoughto
precludethedeterminationoftransition,andthevsriationoftransition
alongtheconeasthef~ghttimeprogressedisappsrent.Theexperi-
mentalStantonnumbersoffigure5 indicatethatpriorto3.0seconds
fullyturbulentflowoccurredat leastasfarforwardasstatiofi12,the
firstmeasuringstation.Transitionoccurredfirstattheforwardmeas-
uringstation,thenmovedresxwsrdwithtimeuntil,at4.5seconds,sta-
tion22showdlsminarflowwitha localReynoldsnumberof33X 106.
Transitionthenmovedforwsrdagainuntilat14secondstheflowwas
againfullyturbulentatstation12andrearwsrd.

Thetre&itiondatadeterminedfrcnnthedatapresent~infigure5
includea variationofbothMachnumberandwalltemperatureratio.The
variationofwalltemperatureratiowithlocalMachnmiberforthetrm-
sitionpoints(takenaathelaststationwitha laminarheat-transfer
coefficient)isshowninfigure6. ThecorrespondingReynoldsnumber
basedonlocalconditionsisindicat~foreachpointh thefigure.The
brokencurveshowsforcomparisontheconditionsof ~ and Tv/Tvof
thetestofreference1. Alsopresent~inthefigureisthecurve
boundingtheregionoftheoreticalinfiniteleminarstabili~fortwo-
dimensionaldisturbancesasdeteimin~by VanDriestinreference2. It
wasthisregionthatthemodelwasdesi~edto explore,anditcanbe
seenthatthedatapenetratedwellintoit. A morerecentpaperby Dunn
andIdn(ref.8),however,indicatesthataninfinitestabili~region
cannotbe foundforthree-dimensionaldisturbances.However,Dunnand
Linconcludethatsufficientcoolingcanstabilizetheboundary~er
toverylargeReynoldsnumbers.

Thepresentdataaresanewhatatvariancewiththistrend,ascan
be seeninfigure7,wheretransitionReynoldsnumberisplottedagtinst

Tw - TWwalltemperaturepaxameter
T~ “

Theusualtrend,as i@icatedby

thestabili~theory,isill.ustratalby thedatafromreference9 which
showanincreaseintransitionReynoldsnumberasthewalliscooled.
Thedataofthepresenttestfora relativelyconstantMachnumber
(from3.5to3.2),ontheotherhand,showanincreaseinReynoldsnumber
oftransitionasthewalltemperatureincreasedfromatemperatureparsm-
eterof -O.n to -0.31,correspondingto a walltqeratureratiochange
from1.2to 1.65.Witha furtherdecreaseintemperatureparsmeteras
Machnumberconttiudtodecreasefrom3.2to2.8,thetransitionReynolds
n~er decreasedrathersharply.Althoughthereasonforthisbehavior
oftransitionReynoldsnumberwithcooingisnotknown,datareported
inreference10showthatforcertslndegreesofroughness,coolingpro-
ducessimilartrendsintransitionReynoldsnuder,apparentlyby causing
m excessivethinningoftheboundaryleyerincomparisonto therouglness.

..— —.. .—..— ._._ ._ .,_ . —.— _——-———
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Aspreviouslymentioned(seesectionentitled‘lkxlel”),theaverage
roughnessofthepresentcopperskinmayhavebeen100to 150microinches
incomparisonwithcamputedtmundary-lqrerdisplacemmtthicknessatthe
transitionstationof0.0048inchforthecoolestwallcondition

(Rtr= 22.1X 106)and0.0086inchatmsximuntransitionReynoldsnumber

of33.1X106.

Thedataofreference1,alsoshowninfigure7,indicatea similar
trend,inthatcoolingbeyonda certainpointshowdno furtherincrease
intransitionReynoldsnumber.Theaverageroughnessofthemodelof
reference1,however,isestimat~tobe only10to 20microinches,
whereascomput&lboundary-layerdisplacementthicknessesareofthesame
orderasthoseofthepresenttest. (Theestimatedroughnessofthe
mdel inref.1 isbasedona comparisonoftheroughnessofanIhconel
sampledeterminedfromopticalandprofilmnetermeasurementswhichindi-
catedtheaverageroughnessmsyhavebeen3 to4 timestheprofilometer
measurementsof3 to~ microinchesrmsreportdinref.1.)

ThemeasurdtransitionReynoldsnunibersofthepresenttestwere
considerablyhigherthanthosereportedinreference1 despitethelarger
roughnessofthepresenttiel. However,sincethetipofthepresent
mtielwasbluntdto a l/16-inchradiuswhilethetipofreference1
mcdelwassharp,thedifferenceinmagnitudeoftransitionReynoldsnum-
bersmaybe due,inpartat least,tothebeneficialeffectsoftipblunt-
nessdescrib~inreference11. Reference11pointsoutthatthedetached
shockwaveassociatdwiththeblunttipresultsina “lowMachnumber
region”ofairflo-@ngoverthebody. Whenthebodyboundarylayeris
envelopedby thislowener~air,largeincreasesintimmsitionReynolds
numberwillresult.h thepresentcase,tipbluntnessofthemodelwas
notlargeenoughto envelopeccqletelythelaminarbomdarylayerin
thelowMachnmiberregiondefindinreferenceU.;however,comparison
ofthecomputdboundary-layert~cknesswiththetiviscidMachnuniber
profilespresent~inreference11indicatdthebluntnesswasenoughso
thatthetiviscidMachnumberattheedgeoftheboundarylsyerattran-
sitionstationswasmarkdlyreducedbelowtheoreticalconevalues.

Thusitappearsthatthedifferenceinmagnitudeoftrsusition
Reynoldsnumberinthesetwotests.maybe due,inpartatleast,tothe
bluntnessofthetipofthepresentmcdel.Thesimilari~oftrendof
transitionReynoldsnumberwithincreas~cooling,however,isstill
notexplainedcompletely.Apparentlysomefactorbesidesroughness
influencdthetrendoftransitionReynoldsnumberwithcoolinginthese
tests.

Thetransition
areshowninfigwe

Reynoldsnumbersforthelatterpartoftheflight
8 asa functionofMachnumberforwalltemperature

.—
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ratiosTwl%
tinctincrease

9

fromapproximately1.5to 1.9. Thedataindicatea dis-
intransitionReynoldsnumberwithMachnumberforthis

mcdel.A shilartrendwasnot-dinreference1 forskintemperature
ratiosofabout1.2to 1.3,althoughtheReynoldsnuuiberincreasewas
notaspronounc~inreference1. Itisbelievdthatthisticreasd
slopeoftrmsitionReynoldsnumberwithMachnuder inthepresenttest
canbe attributdtotheeffectonlocalReynoldsnumberofthetip
bluntnessmpl.eyedonthepresentmodel.As indicatdinreference11,
theeffectofbluntnesson“localReynoldsnuniberisgreaterasMachnum-
berincreases.

~NCLUDINGREMARKS

Heat-transfercoefficientsintheformofStantonnuniberand
boundary-lqfertransitiondatawereobtainedfroma free-flighttestof
a 10°total-angleconicalnosewitha l/16-inchtipradiusovera Mach
numberrangefram1.8to3.5anda rsmgeofwall-to-local-stresmtemper-
atureratios.lhgeneral,experimentalheat-transfercoefficientswere
somewhathigherthantheoreticalpredictionsforturbulentvaluesfor
ReynoliMnumbersup to 160x 106. AmsximmmReynoldsnuniberoftransition.
of33X 106 WSSobtained.Contraryto theoreticalandsaneotherexperi-
mentalinvestigations,theReynoldsnumberoftransitioninitially
increas~whilethewalltaperatureratioincreasedatrelativelycon-
stantMachnuniber.Furtherincreasesinwalltemperatureratiowere
accompaniedby a decreaseintransitionReynoldsnumber.A fax?mrable
effectofincreasingMachnumberontransitionReynoldsnumberwasabo
indicatedata relativelyconstantwalltqeratureratio.

LangleyAeronauticalLaboratory,
NationalAdvisoryCcmmitteeforAeronautics,

LangleyField,Va.,November23,1956.
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(c) 3.osee;Mv = 3.28;Rv/fi= 22.1x 106.
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o
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(d) 3.5See;WJ= 3.48;Rv/ft= 22.4x 106.
Figure5.-Continued.
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(e) 4.0see; M-v= 3.31;I@t = 2).2 X106.
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(f) 4.5 see; ~ = 3.15;Rv/ft= 18.1x 106.

Figure5.- Continued.
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(g) 5.0see;~ = 3.01;Rv/ft= 16.3x 106.

2

I

o

lcs/ln- 4

000 10“ 20

(h) 6.0see; * =

Figure

x

2.78; I@%’= 13.5,X106.

5.- Continued.

.— .. ..— — .—— ——— —



. . . .. .. -T. —-— .-

20

2C

t.o

0

NACARM L56U0

, —————

Rv=OatstatbnO
Rv=assumedzero
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Turbutent
theory, ref.6,7

at transitionpoint
Larntrmrttremykref.4

(i) 7.osee;& = 2.58;~/ft = 11.3x 106.
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(S) 1o.0see;~ = 2.17;R@ .

Figure5.-Continued.
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(k) 12.0 see; Mv = 1.96;Rv/ft= 6.1x 106.
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transitionpoint .,
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(2) 14..0 see; ~ = l.~; Rv/fi= 5.0x 106.

Figure5.-Concluded.
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